, the response of stratospheric and tropospheric temperature in boreal winter to two previously defined types of El Niño [spring (SP) and summer (SU)] is investigated. The results show that, the response of temperature under SP onset involves a significant positive anomaly, with a symmetric distribution about the equator over the Indian Ocean region in the lower troposphere (850 hPa) and a negative anomaly in the lower stratosphere (50 hPa). Meanwhile, in the area 30 ∘ N and 30 ∘ S of the equator, most parts of the lower stratosphere feature a positive anomaly. This indicates that SP El Niño events are more conducive than SU events to warming the lower stratosphere. The atmospheric circulation structure over the tropical Indian Ocean is beneficial to the upward transfer of warm air to the upper layer. In contrast, the structure over the tropical Pacific Ocean favors the warming of upper air. On the other hand, the Eliassen-Palm (EP) flux is small and the heat flux is negative during SP-type events. Thus, the EP flux and Brewer-Dobson circulation decrease, making the temperature higher in the upper troposphere-lower stratosphere region at low latitudes.
Introduction
The El Niño-Southern Oscillation (ENSO) is the strongest annual-scale air-sea interaction phenomenon in the tropical Pacific. It is considered the strongest signal of annual climate change, which has an important impact on global tropospheric weather and climate [1, 2] . Recent research suggests that lower sea surface temperature anomalies (SSTAs) will contribute to change in upper atmospheric circulation. SSTAs mainly affect the wave propagation in the stratospheric and tropospheric atmosphere during ENSO events. Moreover, cold and warm ENSO SSTA events have their own respective characteristics in the stratosphere [3] . Therefore, different types of El Niño events will affect tropospheric and stratospheric temperature in different ways. Describing and understanding the atmospheric processes in the stratosphere and troposphere, as well as their linkages and interaction, are important when investigating the response of temperature to El Niño events.
Before the 1980s, research on tropospheric and stratospheric temperature relied upon regional cases, such as the concept of residual circulation put forward by Brewer and Dobson, which is the vertical meridional circulation of the troposphere and stratosphere from the equator to the poles [4] . Now termed Brewer-Dobson circulation, this phenomenon is used to explain the vertical meridional distribution of water vapor and ozone in the stratosphere. From the 1980s, meteorologists began to understand the interaction between the upper and lower atmosphere and carried out research on the stratosphere and troposphere from the perspective of regional, quantitative, and longterm variation. Ren et al. [5] studied the importance of the Tibetan Plateau on stratosphere-troposphere coupling by applying isentropic potential vorticity theory. With the help of a high-resolution Lagrangian transport model, Chen et al. [6] discussed the source regions, propagation paths, and timing of the movement of air mass from the stratosphere to troposphere in the Asian summer monsoon region. When 2 Advances in Meteorology it comes to the interaction between the stratosphere and troposphere and the SSTAs caused by ENSO, Taguchi and Hartmann [7] used an atmospheric chemistry-climate model to analyze the mechanism through which ENSO events affect the polar stratosphere, pointing out that the frequency of stratospheric sudden warming in El Niño years is twofold greater than in La Niña years. Meanwhile, Camp and Tung [8] demonstrated that, statistically, ENSO has an influence on the temperature of the Northern Hemisphere winter polar stratosphere; it generates temperatures of around 3.8 K, which is equivalent to the quasi-biennial oscillation in the equatorial stratosphere's zonal wind. Gage and Reid [9] found that different phases of ENSO can cause a reversal of the temperature gradient at the top of the troposphere and, later, Reid et al. [10] pointed out that good positive and negative correlations exist between the temperature of the tropical lower stratosphere and the SST of the equatorial Pacific. Lastly, Yulaeva et al. [11] noted that the uppermost latitudinal asymmetric specification is the ENSO signal in the tropical lower stratospheric temperature field.
Previous research has indicated that strong ENSO events enhance tropical upwelling and stratosphere-troposphere exchange (STE). This change in upwelling and STE plays an important role in the atmospheric composition and structure of the upper troposphere-lower stratosphere (UTLS) region. Specifically, ENSO has an influence on the tropical lower stratosphere and UTLS region, albeit scientists are yet to agree on its extent and the differences among different types of ENSO.
Generally speaking, we mostly study El Niño from the perspective of geographical position, dividing ENSO into an eastern type and central type. However, according to the strength of the SSTAs over the eastern Pacific Ocean, El Niño events have also been divided into four levels [12, 13] . In fact, the classification of El Niño events has been studied by many scientists [14] [15] [16] [17] . In 1995, Wang pointed out that the onset of El Niño episodes is greatly affected by different climatic backgrounds of SST [18] , and Xu and Chan [19] proved that El Niño events are very closely linked to the Asian-Australian monsoon. Therefore, classifying El Niño events based on their onset time offers clues in their study.
Many studies have investigated the effects of different types of the El Niño on tropopause and lower stratosphere. For example, Canonical El Niño and El Niño Modoki events can lead to profoundly different effects on stratospheric temperature and circulation [20] [21] [22] . This is because completely different patterns of propagation and dissipation of ultralong Rossby waves in the mid-latitude stratosphere are caused by the gradient patterns of SSTAs in the two types of El Niño events.
Specifically, Xu and Chan [19] put forward a new classification in which they divided El Niño events into the spring (SP) type (referring to the months of April and May) and the summer (SU) type (referring to the months after July), according to the first time that the Niño3.4 index exceeds 0.5. Characteristically, an SP-type El Niño is much stronger and more durable than an SU-type event. Because of the difference in the timing, intensity, and causes of these two types of El Niño, it follows that there is also likely to be a different tropospheric and stratospheric temperature response. We investigate this assertion in the present study. [24] .
Data and Method
Because RSS data provides us with the temperature information needed in the present study, we use monthly RSS data (ftp://ftp.ssmi.com/msu/data/) at a resolution of 2.5 ∘ × 2.5 ∘ on a global scale for the period of January 1979 to February 2016. These data include the temperature in the lower troposphere (TLT), the temperature in the middle troposphere (TMT), the temperature in the lower stratosphere (TLS), the temperature in the total troposphere (TTT), and the temperature in the total stratosphere (TTS), in the vertical direction. The TTT is calculated by a linear algorithm involving the TMT and TLS: TTT = 1.1 × TMT − 0.1 × TLS. According to the suggestion made on the official website, we use version 4.0 of the TMT and TTT data and version 3.3 of the other data. To analyze the circulation pattern, winter (December-January-February) monthly zonal and meridional wind fields are used, with a horizontal resolution of
The SST has a horizontal resolution of 2.5 ∘ × 2.5 ∘ . Lastly, for heat flux analysis, the daily meridional wind field and temperature are used, with a horizontal resolution of 2.5 ∘ × 2.5 ∘ .
Method.
Composite analysis is the main method adopted in this study, with the t-test used to judge the statistical significance. Specifically, setting ( 1 , 2 ) and ( 1 * 2 , 2 * 2 ) as the average and variance of 1 and 2 , respectively, when 1 = 2 , the statistic is distribution with V = 1 + 2 − 2 degrees of freedom is obeyed, which can be used to test the assumption that the two samples' population means are equal. Giving a reliability of and , when > , the assumption is false and is significantly different [25] [26] [27] .
Classification and Comparison of the Two
Types of El Niño 3.1. Classification. According to a classification method [19] , the first time that the Niño3.4 index exceeds 0.5 is considered as the moment of El Niño onset. Furthermore, an El Niño event is classified as having happened when a Niño3.4 index in excess of 0.5 has occurred for at least six months. Additionally, El Niño events are divided into the SP type (i.e., spring: April and May) and the SU type (i.e., summer: after July). Removing the exception from 1986 to 1988 (duration too long), the El Niño types are classified as detailed in Table 1 Figure 1 shows that the average Niño3.4 index from 1979 to 2016 is larger for SP-type events than SUtype events, and the difference can be more than 0.9. Apart from the SP-type event of 2002/03, all SP-type Niño3.4 index values are higher than the average value (green line), while the SU-type values are lower. In short, the SP-type El Niño events are stronger than the SU-type events.
Comparison.
To understand more clearly the differences between the two types of El Niño, the temporal evolution of SSTAs near the equator (5 ∘ S-5 ∘ N) is composited (Figure 2 ), in which 0 stands for the year when the El Niño event happened and +1 stands for the following year. For the SP event (Figure 2 ∘ E-60 ∘ W. In this area, the positive SSTAs persist for about 8 to 10 months, which is shorter than for the SP event.
In addition, the east-west SST gradient is much weaker than that in the SP event.
Response of Tropospheric and Stratospheric Temperature
The temperature composites shown in Figure 3 lower troposphere to the lower stratosphere is characterized by positive anomalies. This is based on a test area covering the whole of the equatorial Indian Ocean and suggests that SP-type events can warm the atmosphere on a larger scale than SU-type events in the troposphere and stratosphere during winter. Furthermore, this distribution of anomalies is symmetric about the equator. The value of the positive anomaly area is about 1.0 K. The results of temperature composites in TMT and TTT are similar to the results of temperature composites in TLT, so Figure 3 only shows temperature composites in TLT.
In the lower stratosphere, the difference in the Indian Ocean region is not statistically significant but shows a negative anomaly that is symmetric about the equator. This means that SP-type events can cool the atmosphere more than SU-type events during winter, with the rate of cooling being about 0.5 K. However, for the region 30 ∘ N and 30 ∘ S of the equator, most of the differences in the lower stratosphere are statistically significant, presenting as positive anomalies. This indicates that, apart from the equatorial Indian Ocean region, SP-type El Niño events are more conducive than SUtype events to warming the lower stratosphere.
As is known, the Indian Ocean SST is quite closely associated with the East Asian summer monsoon. The indication is that abnormal changes in the Indian Ocean SST are affected by the intensity and duration of ENSO, according to observations. On the one hand, SP-and SU-type El Niño events will affect the Indian Ocean SST, while, on the other hand, from the composite analysis presented here, SP-and SU-type events can have different influences on temperature from the lower troposphere to the lower stratosphere. Consequently, we focus on the equatorial Indian Ocean and Pacific Ocean areas from the lower troposphere to the lower stratosphere. Moreover, we analyze the thermodynamic reasons behind the response of tropospheric and stratospheric temperature to these two types of El Niño events.
Mechanistic Analysis

Dynamic Reasons.
The oceans are the main source not only of atmospheric motion, but also of water vapor in the atmosphere. Oceanic changes will contribute greatly to atmospheric circulation and climate change. The northwestern Indian Ocean is surrounded by the African and Tibetan plateaus, the eastern part of which is the Maritime Continent and western Pacific warm pool, and the southern part reaches Antarctica. As an important part of the AsianAustralian monsoon region, the climate of the Indian Ocean region has distinctive characteristics and rules of variation. Furthermore, the Pacific Ocean provides substantial amounts of sensible and latent heat for the global climate [28] . The tropical Pacific provides the world with the most important interannual variability, known as ENSO [29] [30] [31] . From the composite analysis reported in Section 4, we can conclude that the temperature in the lower stratosphere near the Indian and Pacific oceans is significantly affected by the two types of El Niño events. Therefore, using the area over 0 ∘ -80 ∘ W, and with 850 hPa representing the lower troposphere and 100 hPa representing the lower stratosphere, we focus in this section-again via composite analysis-on investigating the atmospheric circulation pattern and SST differences (SP minus SU) in this area, in the hope that we can explain the dynamic processes involved.
From the composite analysis of the wind field and SST, we can see that, when an SP-type El Niño event occurs, two anticyclonic circulations are stimulated in the lower troposphere (850 hPa) near the oceanic area of the Philippine Islands, as compared to when an SU-type El Niño event occurs (Figure 4 ). The two anticyclonic circulations are almost symmetric about the equator, which results in the anomalous southeasterly wind in the tropical East Indian Ocean. However, the easterly wind of the anticyclonic circulation begins to converge over the equatorial West Indian Ocean. This is not difficult to understand, since SP-type El Niño events are longer in duration and more intense than SUtype El Niño events.
It is found that the SSTAs in the western Pacific warm pool are cold and the zonal SST gradient weakens, which in turn can weaken the Walker circulation. Originally, the easterly trade winds located on the west side of the eastern Pacific (heating area) weaken or even become westerly winds, which transport the warm water in the western part of the ocean to the eastern part of the anomalous warm water. Consequently, on the west side of the weakened trade winds area, the SST continues to increase and the warm waters of the eastern part of the ocean expand. In turn, the weakening of the easterly winds and strengthening of the westerly winds will continue. The variation in wind direction caused by the SSTAs induces anomalous divergence in the downward branch of the Walker circulation in the equatorial western Pacific region. Thus, the anomalous anticyclone near the Philippines appears. The model above is called the Gill response (the forced response of atmospheric motion to ocean heat). Because of warmth in the west and the cold in the east, the cold SST in the east stimulates two anticyclonic (Rossby wave-type) circulation anomalies, symmetric about the equator, in the lower troposphere, via a Matsuno-Gilltype circulation response [32] . In the wind field, this presents as an enhancement of the equatorial airflow. Correspondingly, from 200 hPa (not shown) to 100 hPa ( Figure 5 ), two symmetric cyclone centers are apparent near the oceans of the Philippine Islands and two symmetric anticyclone centers are apparent near the equatorial central Indian Ocean. The stimulated circulation in the upper troposphere over the tropical Indian Ocean is consistent with the response of the atmosphere to the single symmetric heat source. Near the Philippine Islands, the lower layer at 850 hPa is an anomalous anticyclone, while the upper layer at 100 hPa is an anomalous cyclonic circulation. This kind of structure, with an anticyclone in the lower layer and cyclone in the upper layer, contributes to atmospheric descending motion.
In general, near the tropical Indian Ocean, there appears to be a structure comprising a pair of symmetric cyclones from the lower troposphere at 850 hPa and a pair of symmetric anticyclones in the upper troposphere from 200 hPa to 100 hPa. This structure is conducive to the transfer of warm air in the lower layer upwards into the upper layer, but not as far as the lower stratosphere.
Besides, near the tropical western Pacific Ocean, there appears to be a pair of symmetric anticyclones in the lower troposphere at 850 hPa and a pair of symmetric cyclones from the upper troposphere from 200 hPa to 100 hPa, which favors downward motion. Comparing the occurrence of SP-type and SU-type El Niño events, the SST in this region is colder, which inhibits the cold air in the lower layer moving into the upper layer. Thus, the temperature in the lower stratosphere during an SP-type El Niño event will be warmer.
Moreover, near the tropical eastern Pacific Ocean, there appears to be a pair of symmetric cyclones in the lower troposphere at 850 hPa and a pair of symmetric anticyclones in the upper troposphere from 200 hPa to 100 hPa, which is conducive to upward motion. Comparing the occurrence of SP-type and SU-type El Niño events, the SST in this region is warmer, meaning this structure favors the transfer of warm air up into the upper layer. Thus, the temperature in the lower stratosphere during an SP-type El Niño event will be warmer.
Thermodynamic Reasons.
In the theory of the vertical propagation of planetary waves, Charney and Drazin [33] pointed out that a Rossby wave can only propagate in westerlies. At the same time, if zonal westerly wind lower than the Rossby critical wind velocity is satisfied, planetary waves (wavenumbers 1 and 2) can transfer to the stratosphere, thereby affecting middle and upper atmospheric circulation systems. According to the theory of wave-current interaction [34] , atmospheric density decreases with height and the amplitude of planetary waves increases. Planetary waves will be crushed when transferred to a certain height because of the large amplitude. The resultant release of energy-manifesting as Eliassen-Palm (EP) flux convergence-will result in westerlies dropping and warming the stratosphere. When planetary waves are strong enough, the polar vortex crashes, westerly winds turn easterly, the temperature in the polar regions increases sharply, and the stratosphere suddenly warms [3, 35] . Under these adiabatic conditions, the cause of acceleration and deceleration of zonal average flow is dependent on the convergence and divergence of EP flux. Therefore, EP flux is usually used as an important tool for diagnosing the propagation of planetary waves. Moreover, in atmospheric circulation research, zonal-mean circulation is most commonly used. According to some studies, Brewer-Dobson circulation will affect lower stratospheric temperature and water [36, 37] . Thus, it is useful to discuss the variations of Brewer-Dobson circulation and the evolution of atmospheric circulation anomalies caused by wave-current interaction in a quasi-geostrophic approximation at the angle of the zonal mean.
Because the vertical propagation of planetary waves can only happen in the middle and high latitudes and, furthermore, the mid-latitudes are the critical area for planetary waves transferring upwards from the troposphere to the stratosphere [38, 39] , the area over 45 ∘ -60 ∘ N is chosen to analyze the representative part of the heat flux. The term V can be used to quantify the heat flux, and as a criterion of EP flux [40] , where V stands for the zonal deviation of southerly and northerly wind and for the zonal deviation of temperature. If V > 0, it means that the heat flux is positive, the EP flux increases, and the Brewer-Dobson circulation enhances. If V < 0, it means that the heat flux is negative, the EP flux decreases, and the Brewer-Dobson circulation attenuates.
In this study, ERA-Interim data are used, including the 2.5 ∘ × 2.5 ∘ daily meridional wind field and temperature field. Moreover, 200 hPa stands for the upper troposphere, 100 hPa for the lower stratosphere, and 50 hPa for the middle stratosphere. From the heat flux composites of the SP-type and SUtype El Niño events from 1978 to 2016 in Table 2 , the total composite value is a significantly negative anomaly at 200 hPa and 50 hPa; however, it is not significantly positive at 100 hPa. In addition, the value at 200 hPa and 100 hPa in December is positive compared to January and February. Basically, the Brewer-Dobson circulation in December is not significant [41] . Without consideration of the heat flux in December, the heat flux composition in the upper troposphere and lower stratosphere from 200 hPa to 50 hPa exhibits an overall negative anomaly (data not shown).
In general, comparing the occurrence of SP-type and SUtype El Niño events, as shown in Table 2 , V < 0, which means the heat flux is negative, the EP flux decreases, and the Brewer-Dobson circulation attenuates. It is easy to explain this point. Comparing the occurrence of SP-type and SUtype El Niño events, a cold anomaly exists in the tropical Pacific Ocean and there is a decrease in planetary waves. Correspondingly, the drifting of gravity waves decreases in the tropical stratosphere. According to "downward control theory," the Brewer-Dobson circulation in the stratosphere decreases. By adiabatic cooling, the negative anomaly will heat the lower stratosphere at low latitudes and cool the upper stratosphere at middle latitudes.
Summary
Through composite analysis of the temperature from the lower troposphere to the lower stratosphere under the conditions of SP-and SU-type El Niño events and investigation of the thermodynamic and dynamic mechanisms involved, we conclude the following:
(1) SP-type El Niño is a much stronger and more durable phenomenon than SU-type El Niño. The positive SSTAs during SP-type events persist for about 14 to 16 months, whereas they only persist for about 8-10 months during SU-type events. In addition, the eastwest SST gradient is much weaker than during SPtype events.
(2) Through composite analysis of the temperature from the lower troposphere to the lower stratosphere, different characteristics in the lower and higher layers are apparent. In the lower troposphere, the temperature anomaly near the Indian Ocean region shows a significant positive anomaly that is symmetric about the equator, whereas, in the lower stratosphere, the temperature anomaly shows a negative anomaly that is symmetric about the equator. However, in the area 30 ∘ N and 30 ∘ S of the equator, most of the lower stratosphere features a statistically significant positive anomaly. This indicates that, apart from the equatorial Indian Ocean region, SP-type El Niño events are more Advances in Meteorology 7 conducive than SU-type events to warming the lower stratosphere. (3) Through composite analysis of the wind field and SST, the atmospheric circulation pattern is found to be consistent with a Matsuno-Gill-type response. Near the tropical Indian Ocean, the atmospheric circulation structure benefits the transfer of warm air in the lower layer upwards into the upper layer, but not as far as the lower stratosphere. (4) Near the tropical western Pacific Ocean, the atmospheric circulation structure is conducive to downward motion. Comparing the occurrence of SP-type and SU-type El Niño events, the SST near this region is colder, which inhibits the movement of cold air in the lower layer upwards into the upper layer. (5) Near the tropical eastern Pacific Ocean, the atmospheric circulation structure favors upward motion.
Comparing the occurrence of SP-type and SU-type El Niño events, the SST near this region is warmer, which is beneficial for the upward transfer of warm air into the upper layer. (6) Comparing the occurrence of SP-type and SU-type El Niño events, the heat flux is negative, the EP flux decreases, and the Brewer-Dobson circulation decreases, making the temperature higher in the upper tropospheric and lower stratospheric region of the low latitudes.
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